In this contribution, we have studied the influence of a periodic distribution of active sites on a model heterogeneous surface on the ability of that surface to preferentially adsorb molecules with a pre-defined shape. For this purpose, we used a simple analytical model in which a mixture of linear and bent rigid molecules composed of three identical segments was adsorbed onto a square lattice with different patterns of active sites. For each pattern and each type of molecule, the corresponding adsorption energy distributions (AEDs) were determined and used further for the calculation of the associated selectivities. It was demonstrated, that depending on the pattern formed by the active sites, the selectivity towards the bent molecule can vary quite considerably and that a suitable choice of surface pattern can maximize the selectivity. Apart from the adsorptive separation, we also considered the thermal desorption of the mixture and model one-component and binary desorption spectra from the nano-patterned surfaces. The results of the temperature-programmed desorption modelling were compared with those obtained for equilibrium adsorption. It was shown that the pattern which provides the highest selectivity in equilibrium adsorption does not have to be optimal when used in the separation of molecules by temperatureprogrammed desorption. † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at
INTRODUCTION
The creation of ordered nano-structures on solid surfaces has recently been recognized as a powerful method to fabricate materials with defined optical, magnetic and adsorptive properties. The main reason for the continuously growing interest in the fabrication of two-dimensional periodic architectures on such substrates as metals (Barth 2007; Kühnle 2009) or graphite (Kudernac et al. 2009; Katsonis et al. 2008 ) is the considerable potential for applying these new materials in nano-engineering and nano-technology (Barth et al. 2005) . In the case of adsorption on nano-structured surfaces, major efforts have focused on the creation of selective surfaces capable of the preferential adsorption of molecules of a defined type from either liquid or gaseous mixtures, including the adsorption of enantiomers (Rampulla and Gellman 2004; Ahmadi et al. 1999) . Periodic nano-structures on solid substrates can be created, for example, by the precise cleavage of bulk structures such as metals (McFaden et al. 1996; Gellman 2001, 2002; Horvath et al. 2004) , templating surfaces with organic modifiers Zaera 2005, 2006; Stacchiola et al. 2002 Stacchiola et al. , 2005 Ortega-Lorenzo et al. 1999) or by using nano-lithographic techniques (Bowker et al. 2010) . In all of the cases mentioned above, the resulting surface had a unique morphology which made it interact more strongly with molecules which were complementary to the surface, i.e. they fitted the local nano-structures. These nano-structures are often pockets or void spaces of a regular shape, whose rims can be equipped with different functional groups playing the role of selective sites and providing a specific guest-host interaction. Concentration of the selective sites and the way in which they are distributed over the surface are the key factors which affect the adsorption selectivity. Manipulating these factors is thus a simple route to achieving the optimal conditions for adsorptive separations and selective heterogeneous catalytic reactions.
Different theoretical methods have been used to predict the influence of concentration and the spatial distribution of selective sites on the adsorption properties of solid surfaces, including statistical thermodynamics (Romá et al. 2003 (Romá et al. , 2004 and Monte Carlo simulations (Sales et al. 2010; López et al. 2008 ). These efforts have focused mainly on the enantio-selective adsorption on nano-structured surfaces with either local or global chirality. For example, to explain the origins of the enantio-selective adsorption of propylene oxide onto a 2-butoxide-templated Pd(111) surface, co-workers (2003, 2004) have proposed a lattice-gas model of enantioselective adsorption in which chiral pockets on a square lattice were formed by assemblies of up to four template molecules surrounding a given adsorption site. Using their model, the authors were able to reproduce the main enantio-selectivity trends observed experimentally. The enantioselective adsorption of propylene oxide onto chirally templated surfaces has also been modelled by Sales et al. (2010) using the lattice-gas Monte Carlo simulation technique.
Recently, we have proposed a simple model of an enantio-selective surface with periodic heterogeneity in which the active sites were distributed in such a way that the preferential adsorption of one enantiomer of a model probe molecule was ensured (Szbelski 2007 (Szbelski , 2008 Szabelski and Sholl 2007) . As we demonstrated, a suitable choice of the pattern of active sites can lead to a highly selective performance of the surface when a model racemic mixture is adsorbed (Szabelski and Sholl 2007; Szabelski 2008) . A distinctive feature of the proposed model is that it does not assume the usual one-to-one correspondence in the interaction pattern of the enantiomer with the complementary adsorption centre. Instead, the selectivity originates from the collective interaction of the adsorption sites with the molecule. To extend the model to the case of mixtures comprising of achiral molecules, in this contribution we consider the adsorption of a pair of small chain molecules differing in chain conformation. The primary objective of this study was to explore the possibility of separating such molecules using a suitably designed pattern of active sites embedded in an inactive matrix. For this purpose, we use theoretical modelling based on thermodynamic-statistical arguments which allows an exact solution of our model.
THE MODEL
The molecules used in the calculations consisted of three identical segments which were arranged linearly or formed short linear arms meeting at a straight angle. These molecules are referred to below as linear (L) and non-linear (N), respectively, and they are shown schematically in Figure 1 overleaf.
It was assumed that the molecules were rigid and that they were adsorbed parallel to the surface, so that one molecular segment occupied one site on a square lattice. Intermolecular interactions were neglected in our model. To construct a heterogeneous surface with selective adsorption properties, it was assumed that the lattice consisted of active (a) and inactive sites (i). Figure 1 shows examples of the adsorbed configurations of linear (L) molecules and non-linear (N) molecules onto a surface with a random distribution of active sites. This random hybrid surface is only used here to show the four qualitatively different molecular configurations which differ in the number of occupied active sites (grey squares). In the following, we focus on surfaces on which the active sites were distributed to form a highly ordered periodic pattern. Nevertheless, for these surfaces, the number of active sites which can be occupied by an L or N molecule can take the same values as for the surface shown in Figure 1 , viz. 0, 1, 2 and 3. The energy of interaction between a molecular segment and an active site was put equal to ε a while the energy of interaction between a segment and an inert site was put equal to ε i , regardless of the type of adsorbed molecule L or N. In this work, we have assumed that the adsorption energies ε a and ε i are both positive and that a single segment of either L or N interacts more strongly with an active site compared to an inactive site, i.e. ε a > ε i .
To examine the possibility of tuning the selective adsorption properties of the surface, we considered different periodic distributions of the active sites over the lattice (Szabelski and Sholl 2007a,b) . The selected lattices were characterized by (3 × 3) and (4 × 4) unit cells with a different number of active sites. These unit cells are shown in Figure 2 . 
THEORY

Equilibrium adsorption and selectivity
To describe the adsorptive properties of the considered surfaces quantitatively, we calculated the associated adsorption energy distributions (AEDs) corresponding to the linear and non-linear molecule, respectively, for each of them, i.e. Γ L (E) and Γ N (E). In both cases, we used the procedure based on the determination of all possible configurations of a molecule of given type within the unit cells A-H and identifying those configurations which are characterized by the same value of the net adsorption energy, E (Szabelski and Sholl 2007a,b) . In that procedure, the surface is treated as an infinite structure comprising the unit cells A-H repeated spatially in both directions. Calculation of the AEDs for the infinite hybrid surface can be easily performed, using periodic boundary conditions when considering the possible configurations of L and N in the unit cell. Note, that for both species, only four values of the net adsorption energy are possible. Specifically, these values correspond to the adsorbed configurations in which either an L or N molecule occupies three active sites with E 3 ϭ 3ε a , two active sites with E 2 ϭ 2ε a ϩ ε i , one active sites with E 1 ϭ ε a ϩ 2ε i and no active sites with E 0 ϭ 3ε i . According to the notation adopted here, the lower index, I, in the net energy is the number of occupied active sites. Examples of adsorbed configurations differing in E are shown in Figure 2 for both molecules. Determination of the number of adsorbed configurations with the same value of the net energy, γ I , allows for the construction of the corresponding AEDs in which the normalized probability of finding a molecule having energy
. The AEDs obtained allow the calculation of the associated Henry constants which take the form:
(1)
To evaluate the ability of the surface to adsorb one of the components preferentially, we defined the selectivity at the zero-pressure limit as:
( 2) According to this definition, the surface which is selective towards the component N is that with S > 1. Taking into account the possible values of the net adsorption energy, the selectivity at the zero-pressure limit can be expressed as:
( 3) An interesting property of the selectivity given by equation (3) is that it is independent of both ε a and ε i and only depends on the difference between these energies. This allows the dependence of the selectivity on one parameter x to be studied. 
Temperature-programmed desorption
Assuming first-order desorption kinetics, the rate of desorption of molecules of type L or N from an isolated homogeneous surface for which the net desorption energy is equal to E dI (I ϭ 0…3) can be expressed as (4) where θ I is the fractional coverage of the surface, v is the pre-exponential factor and β is the heating rate. Solving equation (4) with the condition θ I (T ϭ T 0 ) ϭ 1 allows the determination of the temperature-programmed desorption (TPD) spectrum for a hypothetical homogeneous surface for which each adsorbed molecule has the energy E I (Szabelski 2010; Szabelski et al. 2010) . At the sufficiently low surface coverages assumed here, the TPD spectrum of L and N from the nanostructured surfaces A-H can be approximated by the following linear combination of the desorption rates associated with distinct adsorbed configurations:
Similarly, for the binary mixture composed of L and N molecules, the net desorption rate is given by: (6) where y is the mole fraction of the linear component on the surface. Note, that because there are only four possible values of E dI for the molecules considered here, the resulting TPD spectra should consist of four peaks at most. These peaks are centred at temperatures T I which can be easily determined by solving the Redhead equation:
All of the TPD calculations were performed assuming that β ϭ 1 K/s and v ϭ 10 13 Hz. Figure 3 overleaf shows the AED functions calculated for the surfaces characterized by the unit cells A-H, for the linear (blue) and non-linear molecules (red). These distributions were calculated assuming ε a ϭ 20 kJ/mol and ε i ϭ 10 kJ/mol, so that E 0 ϭ 30 kJ/mol, E 1 ϭ 40 kJ/mol, E 2 ϭ 50 kJ/mol and E 3 ϭ 60 kJ/mol. The values of ε a and ε i given above do not correspond to any experimental system and they are used just for illustrative purposes. As seen from the figure, the shapes of the distribution functions L and N were strongly affected by the pattern of the active sites within the unit cell. Moreover, it can also be observed that for a selected value of i, the difference between the values of Γ(E i ) corresponding to components L and N can vary significantly when going from one pattern
RESULTS AND DISCUSSION
to another. This difference is of key importance to the selective properties of the surface, as it directs the preference of the surface for capturing molecules of a given type. In consequence, one can expect that the most selective surface towards the non-linear component should be that for which the difference ∆Γ I ϭ Γ N (E I ) Ϫ Γ L (E I ) is large for each value of I. In fact, under the conditions assumed here, viz. at low surface coverages (pressures), the adsorption of L and N occurs mainly in configurations with the largest accessible adsorption energy, i.e. E 3 ϭ 60 kJ/mol. In consequence, the selective properties of a given surface can be roughly estimated by comparing Γ L (E I ) and Γ N (E I ). Taking this approximation into account, we may state that the most selective properties towards the component N should be exhibited by the surfaces D and E, for which ∆Γ 3 ϭ 0.111. The surfaces H, F and A for which ∆Γ 3 is equal to 0.047, 0.028 and 0.016, respectively, should be of somewhat lower selectivity. For the remaining systems (B, C and G), ∆Γ 3 ϭ 0. An interesting case is surface G, for which ∆Γ I ϭ 0 for any I. This surface is obviously not selective towards N (and also L), as the AEDs corresponding to both species are identical. The selective properties of the surfaces A-H can be quantified precisely by calculating the corresponding Henry constants and the associated equilibrium selectivities. Table 1 overleaf presents these quantities as functions of the parameter x obtained using equations (1)-(3), assuming that the mixture N ϩ L is of equimolar composition. The values of the selectivity in the limit x → ϩ∞ are also listed in the last column. These values were calculated in order to classify the considered surfaces with respect to the possibility of manipulating their selective properties by increasing the value of ∆ε. As follows from the table, the surfaces can generally be divided into three groups: those for which S ∞ is infinite (A, D, E, F); those with finite S ∞ ≠ 1 (B, C, H) ; and finally those for which S ∞ ϭ 1 (G). The first class of surfaces seems to be the most attractive, as it allows for an unlimited increase in the selectivity, so that the component N can be adsorbed almost exclusively from the mixture. In the case of surfaces B, C and H, the selectivity can be increased only to a limited extent, while the best selective properties in this group are exhibited by surface H (S ∞ ϭ 2.5). As already mentioned, surface G with S ∞ ϭ 1 is completely useless from the viewpoint of separation, regardless of the value of ∆ε.
Note, that the conclusions from the above comparison hold only for large values of the difference between ε a and ε i . However, at moderate and low values of ∆ε, they do not have to be true. To demonstrate this, the selectivities from Table 1 are plotted as functions of the parameter x in Figure  4 . As clearly seen in the figure, the energy difference ∆ε has a large influence on the relative position of the selectivity curves. For example, curve D which initially runs below the remaining curves inclines upwards gradually, so that the selectivity for the corresponding surface becomes the second highest among the considered systems. A similar tendency can be observed in the case of curve A which crosses curves B and C when the parameter x exceeds ca. 5.8 and 6.6, respectively. An interesting feature of this curve is that it has a shallow minimum at x ϭ 2.10 in which the selectivity is equal to ca. 0.99. Note also, that the selectivity curves calculated for the surfaces D, F and H cross each other when x approaches 4.25, when the selectivity is equal to ca. 1.2. A different situation applies in the case of surface E for which the selectivity curve always lies above the remaining curves, regardless of x. This property makes surface E the most selective among the surfaces considered here. Further analysis of the relative position of the curves in Figure 3 at selected values of x allows the selectivity order to be determined. For example, at values of x > 7, the selectivity decreases in the order E > D > F > H > A > C > B > G, which agrees well with our preliminary predictions based on the shape of the AEDs in Figure 3 . This is because at high values of the parameter x, i.e. for ε a , the selectivity is largely influenced by the adsorption of both species in configurations which allow the occupation of three active sites. In consequence, the relative position of the selectivity curves is then strongly dependent on the value of ∆Γ 3 . As seen in Figure 4 , the relative position of the selectivity curves at low and moderate values of x cannot be easily predicted on the basis of the corresponding AEDs. In this case, the contribution of the modes Γ(E I ), I ϭ 0…2 to the selectivity is not negligible, so that it cannot be roughly estimated on the basis of just the shape of the corresponding AEDs. In this case, the expressions from Table 1 are always needed.
The selectivity changes discussed in the previous paragraph refer to the separation of molecules under equilibrium conditions. We now present how the nano-patterned surfaces can be used to separate the molecules under non-equilibrium conditions, using the TPD technique. Figure 5 overleaf shows the TPD curves calculated for the surfaces A-H, for pure components L and N and for their 
H a X ϭ A-H; x ϭ exp(∆ε/RT) and α ϭ exp(3ε i /RT). The last column lists the selectivity values corresponding to the limit: ∆ε → ϩ∞. (4) and (5), assuming for simplicity that the net desorption energy, E dI , takes the same value as the net adsorption energy E i , so that the AEDs functions from Figure 3 are still valid. As seen in the figure, the TPD curves consist of at most four distinct peaks centred at temperatures which can be easily estimated using equation (7). These temperatures are: T 0 ϭ 115.5 K, T 1 ϭ 152.7 K, T 2 ϭ 189.6 K and T 3 ϭ 226.3 K, where the lower index enumerates the corresponding energy mode. The separation of pure component N from the mixture would require collecting desorbed fractions, ideally those with the other component at zero content. In practice, for mixed desorption, this means that a peak centred at a given temperature should originate exclusively from the desorption of N. As follows from Figure 5 , this situation takes place in the case of the surfaces A, D, E and F at T 3 , C at T 0 and D at T 1 , among which surface D seems to be the most useful for our purposes. For example, collecting the fraction desorbed from this surface at temperatures in the range 130-165 K would result in the largest amount of pure N being obtained in a single TPD run. Moreover, for this surface, an additional amount of pure N can be collected at higher temperatures, viz. > 200 K. In the case of the remaining surfaces, the amount of N obtainable in a single TPD run is much smaller. Nevertheless, any of these surfaces, especially C and E, can be used in a cyclic TPD process, so that the component N can be completely separated after a finite number of TPD runs (Szabelski et al. 2010 ). On the other hand, separation is completely impossible when the pattern G is considered. In this case, the individual TPD signals arising from the desorption of L and N are identical, so that the corresponding curves from Figure 5 are superimposed (blue and red) . The shapes of the desorption spectra of pure components depicted in Figure 5 are closely related to the shapes of the corresponding AEDs (see Figure 3) , viz. the magnitude of ∆Γ I is reflected in the difference between the areas of the peaks of N and L which are centred at the temperature T i . Due to this property, and contrary to equilibrium adsorption, the selective properties of the surfaces A-H can be predicted by analyzing the corresponding AEDs depicted in Figure 3 . This approach leads to the conclusion that the most useful surface in the TPD separation would be that for which there exist an energy mode i with Γ L (E I ) ϭ 0 and 0 << Γ N (E I ) Յ 1. As shown above, surface D meets both these requirements and for that reason it provides the most effective performance in the TPD separation. Interestingly, this surface is not optimal for the equilibrium adsorptive separation of the linear and non-linear species.
CONCLUSIONS
The results of this work show that the selective adsorption properties of a model composite surface can be easily tuned by choosing an appropriate pattern of the active sites. Our calculations demonstrate that the preference of the nano-patterned surface for adsorption of the bent molecule can vary significantly when one periodic motif of the active sites is replaced by another. Moreover, this preference is largely dependent on the difference in the strength of interaction of a single molecular segment with an active and an inactive site, ∆ε. Specifically, three qualitative trends in the selectivity were observed, including unlimited growth with increasing ͉∆ε͉, independence of ∆ε (S ϭ 1), with a finite value being attained at ͉∆ε͉ → ∞. The first case is of special importance, as it enables the creation of a highly selective surface which would be able to adsorb exclusively the non-linear component from the binary mixture. As we observed for certain distributions of the active sites, the resulting surfaces can also be totally useless from the viewpoint of separation (S ϭ 1) or they can have limited selective properties. This observation indicates that great care should be taken in designing the pattern of active sites to achieve the most efficient separation.
Our calculations also showed the potential application of the nano-patterned surfaces in the separation of conformers via thermal desorption. Here, in a similar fashion to the case of equilibrium adsorption, the surface pattern was found to have large effect on the extent of separation. The TPD curves obtained for pure species and for their mixture consisted of distinct composite peaks whose number was strongly dependent on the distribution of the active sites within the unit cell of the surface. The most selective surface was found to be that for which the difference between the heights of the peaks L and N centred at the same temperature was the largest. Interestingly, this surface (D) was not the most selective when equilibrium adsorptive separation was modelled.
